Abstract 19
Micronuclei represent the cellular attempt to compartmentalize DNA to maintain 20 genomic integrity threatened by mitotic errors and genotoxic events. Micronuclei 21 show aberrant nuclear envelopes that collapse, generating damaged DNA and 22 promoting complex genome alterations. However, ruptured micronuclei also 23 provide a pool of cytosolic DNA that stimulates anti-tumour immunity, revealing 24 the complexity of micronuclei impact on tumour progression. 25
The ESCRT-III complex ensures nuclear envelope (NE) resealing during late mitosis 26 and NE repair in interphase. Therefore, ESCRT-III activity maybe crucial for 27 maintaining the integrity of other genomic structures enclosed by a nuclear 28 envelope. ESCRT-III activity at the nuclear envelope is coordinated by the subunit 29
CHMP7. 30
We show that CHMP7 and ESCRT-III protects against the genomic instability 31 associated with micronuclei formation. Loss of ESCRT-III activity increases the 32 population of micronuclei with ruptured nuclear envelopes, in interphase cells. 33
Surprisingly, ESCRT-III is retained at acentric micronuclei suggesting that ESCRT-III 34
cannot repair these structures. Depletion of CHMP7 expression removes ESCRT-III 35 accumulations at ruptured micronuclei, and removes the population of micronuclei 36 with damaged DNA also containing a sensor for cytosolic DNA. 37
Thus, ESCRT-III activity appears to protect from the consequence of genomic 38 instability in a dichotomous fashion. Membrane repair activity prevents the 39
Introduction

47
Micronuclei are cytosolic chromatin structures that are compartmentalized by a 48 nuclear envelope (NE). They are a measure of chromosome instability and thus are 49 hallmarks of cancer cells. Micronuclei originate during mitosis, either because whole 50 chromosomes separate aberrantly, or because DNA damage generates 51 chromosomal fragments that lack centromeres and thus fail to align at the 52 metaphase plate 1 . The resulting structures rebuild their own NE away from the main 53 chromatin mass. Micronuclei persist through multiple cell divisions, but their NE can 54 collapse within the G2 phase of the cell cycle 2 . The cause of such collapse remains 55 unclear, but correlates with a lack of nuclear lamina integrity 2 . Such loss of 56 micronuclear compartmentalization causes cytosolic enzymes to enter the 57 micronucleus, generating further DNA damage and chromosome pulverization 3 . A 58 micronucleus can reincorporate in the primary nucleus creating the conditions for 59
DNA fragments to rejoin the main genome at random locations (chromothripsis). 60
Therefore, an intact NE around a micronucleus maintains the integrity of its genetic 61 material 4-6 and thereby protects against chromothripsis. 62 NE integrity at the primary nucleus is ensured by ESCRT-III, a universal membrane-63 remodeling complex. Specifically, ESCRT-III seals nuclear membranes during late 64 mitosis and repairs mechanical rupture of the NE during interphase [7] [8] [9] [10] . Core ESCRT-65 III subunits, including the critical membrane-deforming polymer CHMP4B (Charged 66 Multivesicular body Protein 4B), are recruited by CHMP7
11
, a specialized ESCRT-III 67 subunit that is targeted to NE gaps by associating with the chromatin binding 68 protein LEM2(ref.12). ESCRT-III seals these gaps by supporting reverse-topology 69 membrane scission 13 . ESCRT-III activity at the NE is short-lived, and is regulated by 70 the AAA ATPase, VPS4. VPS4 remodels ESCRT-III to drive membrane scission, and 71 also recycles ESCRT-III subunits back into the cytosol 13 .
72
Loss of micronuclear compartmentalization exposes of DNA to the cytosol, which 73 drives protective immune responses 14 . Cytosolic DNA is recognized as foreign by 74 innate immune pathways involving cyclic GAMP synthase (cGAS) 15 . cGAS binds to 75 specific secondary structures within exposed double and single-stranded DNA and 76 stimulates the production of 2′-5′ cyclic GMP-AMP (cGAMP) 16 .
77
Here we present how ESCRT-III protects the genome from the instability generated 78 by micronuclei. We show that ESCRT-III and VPS4 support micronuclear envelope 79 membrane integrity, mirroring their role in maintaining the primary NE
17
. We also 80
show that ESCRT-III activity is aberrant at acentric collapsed micronuclei in 81 unperturbed cancer cells. We interpret this aberrant activity of ESCRT-III as 82 necessary for maintaining a population of ruptured, cGAS-enriched micronuclei. 83
Consistent with such a role, this pool of collapsed micronuclei containing ESCRT-III, 84 cGAS and ssDNA is maintained by impairing ESCRT-III recycling and is removed by 85 preventing ESCRT-III recruitment at the nuclear envelope. 86 87
Results
88
Depletion of CHMP7 or VPS4 compromise the nuclear envelope but damage DNA 89 in different fashion. 90
ESCRT-III helps to re-form the NE during cell division and repairs the NE during 91 interphase 7,9,10,18
. To further understand the impact of ESCRT-III on nuclear envelope 92 integrity in micronuclei, we first performed a detailed analysis of the phenotypes 93 observed at the interphase nuclei when ESCRT-III activity is impaired. We depleted 94 CHMP7 (Supplemental Figure 1A, B) , which initiates NE-associated ESCRT-III 95 assembly 11 , and VPS4 (Supplemental Figure 1C and see Methods), which regulates 96 ESCRT-III-mediated membrane remodeling activity 17 .
97
Depletion of CHMP7 or VPS4 increased the frequency of multinucleated cells 98 (Supplemental Figure 1D ) and increased the proportion of deformed interphase 99 nuclei (Supplemental Figure 1E) , confirming their functional knockdown 19 . Focusing 100 which were large compared to the rare γH2AX foci seen in control cells 122 (Supplemental Figure 2E,F) . Abundant γH2AX foci were also seen in VPS4 depleted 123 cells (Supplemental Figure 2E ), nevertheless these were generally smaller than those 124 seen in CHMP7 depleted cells (Supplemental Figure 2F) and, confined towards the 125 nuclear periphery surrounding large CHMP7 accumulations (Supplemental Figure  126 2G top panels). CHMP7 foci in VPS4 depleted cells also labelled for the DNA repair 127 markers Rad51 and RPA (Supplemental Figure 2G, H 
mechanisms. 158
We then examined lamin B staining to assess the impact of ESCRT-III disruption on 159 the NE of micronuclei. Depletion of VPS4 or CHMP7 increased the proportion of 160 micronuclei in which the lamina was absent or discontinuous ( Figure 2E ; 161 Supplemental Fig 3A) , recapitulating the phenotype observed at the primary 162 nucleus. Micronuclei lacking nuclear pore complexes (NPCs) may be unable to 163 import lamins, and indeed the density of NPCs at micronuclei, assessed by mab414 164 staining (Supplemental Figure 3B) , was reduced upon VPS4 or CHMP7 depletion 165 Interestingly, we observed a significant enrichment of ESCRT-III proteins at the 175 nuclear envelope of micronuclei in unperturbed cells. Therefore, we examined the 176 morphology of the structures that displayed localization of endogenous ESCRT-III. 177
ESCRT-III residency at the reforming NE of the primary nucleus is dynamic and 178 short-lived 10 , such that large ESCRT-III accumulations are very rarely detected at the 179 interphase nucleus at steady state but are observed in >80% cells when VPS4 is 180 depleted ( Figure 1H ). To our surprise, however, we found that at micronuclei the 181 situation is strikingly different. Specifically, intense CHMP7 labeling (CHMP7+ve) 182 was found on ~20-25% of micronuclei in non-treated or control-treated cells ( Figure  183 3A-C), revealing an accumulation never seen at the primary nucleus and pointing 184 towards a potential dysfunction of ESCRT-III at micronuclei. CHMP7 labeling of 185 micronuclei was observed at a similar frequency across several cancer cell lines 186 ( Figure 3B ). CHMP7-labelled micronuclei also stained strongly for CHMP4B (Figure  187 3A, D). Whilst CHMP7 labeling was confined to peripheral puncta upon VPS4 KD 188 . Indeed, ER membrane was enriched within the core region of 225 nearly all CHMP7-positive micronuclei in control and VPS4 depleted cells, with the 226 PDI signal much more intense than over the rest of the cell (Figure 5A-C) . In 227 contrast, only ~10% of CHMP7-negative micronuclei exhibited a strong PDI signal 228 intensity ( Figure 5A, B) . In summary, CHMP7 accumulates on micronuclei that have 229 a disrupted NE, and which are infiltrated with ER membrane. 230
Taken together, these data show that ESCRT-III accumulates selectively on 231 micronuclei that lack NE integrity and recapitulate the phenotype occurring at the 232 primary nucleus when VPS4 is depleted. Thus, ESCRT-III activity is impaired at a 233 subset of micronuclei in interphase cells. 234
235
ESCRT-III accumulates preferentially to acentric micronuclei containing fragmented 236
DNA. 237
ESCRT-III accumulates on a subset of micronuclei. To determine whether these are 238 derived primarily from aneugenic or clastogenic events, we quantified the 239 proportion of ESCRT-III micronuclei containing whole or partial chromosomes, using 240 this increase, the proportion of micronuclei that were CHMP7-positive also rose 259 significantly ( Figure 6F ). As expected, labeling of micronuclei for γH2AX also 260 increased, though here the pattern was more complex. The population of γH2AX-261 positive micronuclei first increased modestly around 1hr post-treatment, 262
highlighting a minor population of pre-existing micronuclei that are directly subject 263 to DNA damage ( Figure 6G ). A second, larger increase in the proportion of 264 micronuclei labeled for γH2AX, and for both CHMP7 and γH2AX, was apparent 265 over 24-48 hours ( Figure 6G,H Figure 7A,B) . Similarly, cGAS, is known to enter ruptured 280 micronuclei to bind exposed DNA and indeed was concentrated in nearly all those 281 accumulating CHMP7 (Figure 7C,D) . Significantly, CHMP7 depletion reduced the 282 proportion of micronuclei that were enriched for RPA ( Figure 7E,F) or cGAS ( Figure  283 7G,H). In contrast, VPS4KD did not appreciably affect RPA or cGAS enrichment at 284 micronuclei ( Figure 7E-H) , despite its negative impact on micronuclear integrity 285 (Supplemental Figure 2B and Figure 2H) . 286
In summary, the co-enrichment of ESCRT-III and RPA/cGAS at a subset of 287 micronuclei and the absence of RPA/cGAS enrichment upon CHMP7 depletion, 288 point to a non-canonical (VPS4-independent) function for ESCRT-III in maintaining a 289 pool of cytosolic DNA in cancer cells. 290 291
Discussion
292
We have addressed how the ESCRT-III membrane-repair complex supports genomic 293 stability via its effects on aberrant structures associated with chromosomal instability 294 and genotoxic events, namely micronuclei. Micronuclear collapse contributes to the 295 accumulation of damaged DNA arising as a result of NE rupture, increasing the 296 likelihood of failed DNA replication and persistent genomic instability. Therefore, 297 the existence of a mechanism for protecting the DNA within micronuclei is 298 plausible, in order to avoid chromosome shattering and chromothripsis 3, 37 . 299
Whilst the process of reformation of a micronuclear envelope is not well 300 understood, almost 100% of spontaneously arising micronuclei display successful 301 nucleocytoplasmic compartmentalisation upon exit from mitosis 2 . These micronuclei 302 must have a sealed NE, a process carried out at the primary nucleus by the 303 CHMP7/ESCRT-III/VPS4 system 17 . Indeed, ESCRT-III dynamics at lagging 304 chromosomes during telophase appears normal 38 . We show here that loss of 305 CHMP7 or VPS4 leads to increased occurrence of micronuclei with a ruptured and 306 collapsed NE, supporting a role for ESCRT-III in sealing micronuclear envelopes 307 (VPS4-dependent pathway, Supplemental Figure 4A) . 308
Importantly, however, our data also highlight a population of ESCRT-III that 309 apparently is not subject to rapid, VPS4-dependent turnover, which accumulates 310 within micronuclei (Supplemental Figure 4A) . Two questions arise: what mechanisms 311 lead to the generation of this 'persistent' pool of ESCRT-III, and does the pool have 312 a selective role at micronuclei that is distinct from membrane repair? 313
To identify events that lead to ESCRT-III accumulations on micronuclei, we have 314 comprehensively characterized the nature of these structures. Most have a broken 315 lamina and are infiltrated by ER membranes, with a consequent loss of 316 compartmentalization. These phenotypes are more rarely observed in micronuclei 317 that lack CHMP7. Such defects might be due to aberrant micronuclear NE assembly 318 after mitosis 5 and/or failure to repair a ruptured micronuclear NE during interphase
. 319
At the primary nucleus, the recruitment of ESCRT-III is so transient 7,10 that depletion 320 of VPS4 is necessary to slow down ESCRT-III turnover at the membrane. Our 321 VPS4KD data imply the existence of a similar mechanism (VPS4-dependent 322 pathway, Supplemental Figure 4A) ; hence, the accumulation of CHMP7 and 323
CHMP4B observed in unperturbed cancer cells implies the normal balance between 324
ESCRT-III assembly and disassembly is impaired and/or is not regulated by VPS4 325 (VPS4-independent pathway, Supplemental Figure 4A) . 326
ESCRT-III-enriched micronuclei are smaller than that lacking ESCRT-III and are 327 predominantly acentric; they therefore most likely contain chromosome fragments, 328 such as those generated by DNA damage in previous cell cycles 39 . Hence, ESCRT-III 329 accumulation might result from aberrant NE formation around chromosomal 330 fragments, in which the NE membrane is subject to an unusually high degree of 331 curvature and is prone to rupture 40 . One potential explanation for impaired ESCRT-332 III turnover at acentric micronuclei could be the lack of a regulatory activity that 333 relies on signalling from the centromere. . Both RPA and cGAS enrichment in 344 micronuclei are lost by depleting CHMP7 but not VPS4 (Figure 7) , arguing that the 345 accumulation of ESCRT-III is required to generate higher levels of damaged DNA 346 (Supplemental Figure 4B) . 347
348
The implications for aberrant NE remodelling by ESCRT-III at micronuclei may be far 349 further reaching than simply explaining a genome predisposition to aneuploidy 
ESCRT-III accumulations in unperturbed cells (~20%). This suggests that ESCRT-III 360
supports cGAS in ruptured micronuclei, perhaps by enhancing the production of 361 DNA structures recognized by cGAS 14, 16 . It is unlikely that CHMP7 depletion simply 362 creates unstable micronuclei that lose cGAS, as VPS4 depletion does not reduce 363 either the pool of RPA or cGAS-enriched micronuclei even though VPS4-depleted 364 cells show loss of compartmentalization (Supplemental Figure 2B and Figure 2H) . Table 2 ) and secondary antibodies were 416 incubated in 1% BSA in in PBS containing 0.1% Triton X-100 in a humidified 417 chamber at 4°C. Coverslips were mounted with VECTASHIELD (Vector Laboratories) 418 or ProLong Gold (Invitrogen) mounting medium containing 1.5μg/ml DAPI. 419
Fluorescence was detected using a Nikon Eclipse TE200 microscope with 60x or 420 100x objectives. Images were acquired using a Hamamatsu C4742-96-12G04 digital 421 CCD camera and Volocity imaging software (Perkin Elmer), and analyzed using 422 Briefly, the statistical difference between two or more categories of micronuclei was 461 determined using Fisher's exact test (for a 2 x 2 table) or χ2 analysis on the raw 462 counts to obtain a p-value. The Null hypothesis assumed was that all phenotypes 463 occurred with the same frequency. The Cramer V coefficient (or f coefficient for a 2 464 
